Abstract-Since the second-generation (2G) superconducting wires started to be produced in a large scale almost a decade ago, the quality of the materials manufactured has been continually improved. Every year, the manufacturers present new materials with better electrical properties, increasing the critical current density, critical magnetic field, and the total length produced with continuous homogeneity. The mechanical properties of the coated conductor should be taken into account since electro-dynamical forces appear in working conditions as stress in the cooling and heating processes. In applications such as fault-current limiters, superconducting magnetic energy storage, transformers, electromagnets, motors, cables, etc., the consideration of them is mandatory to the project of those devices. In this context, this paper studies the electrical and mechanical properties of 12-mm 2G wires samples under torsion without axial tension. Critical current is measured as a function on the torsion angle. Details of the experiment and their results are here presented.
I. INTRODUCTION
T HE second generation (2G) wires represent a revolution for the superconductivity large scale applications. Nowadays there are at least 5 factories that promise to produce high homogeneity 2G wires with hundreds of meters [1] - [3] . Considering the coated conductors applications for electrical power system, the fault current limiters and the cables for energy transmission are technology with higher level of maturity, and they are also becoming commercial products [4] - [9] . Notwithstanding, the investigation of those devices is the goal of several international research groups in order to improve the design and performance of these equipments. Aiming to power cable manufacturing with 2G wire, several topologies are being considered in order to approach transposition: CORC (Conductor on Round Core) [10] , [11] , Roebel [12] , [13] , Helicoidal [14] and twisted stacked wires [15] - [17] . Between all proposals suggested, twisted stacked wires, appear as the simplest design. In our opinion this configuration is one of the more versatile topologies available and it could have the best benefit/cost relation.
Considering then the development and characterization of the twisted staked wires, the present paper points the study of the behavior of a single wire when twisted. The critical current of a 12 mm wide wire sample was measured for several torsion angles avoiding any axial tension. The study of the critical current dependency with the angular pitch was presented previously in the literature for the 4 mm wires [18] - [20] , but it was not done yet for 2G wires with 12 mm width. In the present paper a 12 mm 2G sample wire was tested. Besides the V (I) measurements, the external magnetic induction produced the by the 2G sample wire was scanned with a Hall probe for several angular positions. The goals of these measurements are: (a) the influence of pure twisting on the current density distribution according to the pitch angle, and (b) the HTS limits introduced by non linear deformation as buckling appear in a 2G twisted wire.
II. EXPERIMENTAL RIG DESCRIPTION
In this section it will be presented the details about the experimental apparatus and the procedures to measure a 2G wire superconducting sample. The sample was produced by SuperOx, 1 and its details are shown in Table I .
The sample holder presented in Fig. 1 was designed in order to measure the dependence of the critical current on the angular pitch of the torsion. The electrical schematic and wire dimensions are presented in Fig. 2 . To rotate the wire, swivel connectors were turned synchronized with the same angular displacement amplitude α, but in opposite directions, generating so a twisting angle 2α. In order to measure the magnetic induction B z (x, y) produced by the transport current, a Hall probe set of 30 mm long x axis scans was done covering an area of 3 mm around the center of the tape along the y axis. The Hall sensor used here has an active area of 100 × 100 μm 2 . The experiments were made in the following sequence: the sampled was cooled in LN2 waiting for approximately 15 minutes for reaching the thermal equilibrium. The angular position was fixed for the wire; a constant transport current, I, was applied and some minutes were waited avoiding so the transitory and the flux creep effects; finally, the map was made above the surface. Then the current was increased to a new constant value, and the magnetic induction was mapped again. This procedure was repeated several times until reach a current equal to I c , determined by the 1 μV/cm criterion. After reaching I c , the current was reduced to I = 0 A, and a field map was made in the remnant state of the sample. Finally, the angular position was changed and all the procedure described above was repeated.
III. BUCKLING
When a flat wire is twisted, it is subjected to buckling effects, depending on the twisting angle due to the compressive stress in central area of the tape generated by the twisting. The buckling is well known in mechanical engineering [21] , [22] , but it wasn't discussed in the 2G wire literature. Some authors impose an axial load in order to avoid buckling [18] , [19] thinking in arising a higher pitch before it appears, during the tests with the 4 mm width wire. In the present work no axial load was applied to the wire, and the buckling was observed in the sample after a pitch of 0.6
• /mm, approximately. In Fig. 3 , it is shown the Buckling observed in the sample for 90, 120, 150, and 180 twisted degrees. Those are some of the twisting angles applied to the 2G wire during the tests presented in the sequence of the experiments. 
IV. TWISTING ANGLE DEPENDENCY OF THE CRITICAL CURRENT
The results presented in the following two sections have been obtained by applying the experimental procedure described in Section II. For each measured twisting angle, the V (I) curve of the sample was obtained by conventional current scan procedure well beyond the 1 μV/cm threshold, in order to obtain accurate values of the critical current (I c ) and the n exponent. Fig 4 presents the results for the wire flat, before and after twisting experiments. V (I) characterization was made for each measured twisted angle, and I c and n exponent were obtained by the fitted data for the power-law.
During the experiments, for a maximal rotation of 180
• in a sample with 140 mm (or 1.286
• /mm), no significant change of the critical current and the n exponent was observed, as presented in Fig. 5(a) and (b) , respectively. The critical current measured in wire for the case without torsion was 414 A.
We expected that, beyond a certain pitch, the torsion applied to the sample would damage it since a permanent deformation in the buckled areas was observed after the experiment. No change in the critical current, however, could be detected. Probably it did not happen because no axial tension was applied to the sample during the angular torsion. Axial tensions increase the tensile strain in the lateral areas of the tape achieving the permanent damage strain threshold at lower pitch values.
V. HALL PROBE SCANNING EXPERIMENTS WITH TRANSPORT CURRENT IN THE TWISTED WIRE
The magnetic flux density B z (x, y) was measured above the sample surface in order to analyze the possible current distribution change in the wire due to the strain changes along the x axis. We show in the following results (Figs. 6-11 ) the measured magnetic induction B z (x) across the central y position (Fig. 2) . The position x = 0 mm represents the central position of the wire. suggesting that more current is flowing through the left half (−6-0 mm), than through the right half (0-6 mm). It habitually corresponds to inhomogeneity of the tape, When the current is closer to I c , clear distortions of the profile appear (as in the region between x = 1-3 mm in Fig. 6 , for the 400 A and 414 A) as a consequence of the possible in-homogeneity.
The same test was made for a 0.643 • /mm pitch (90 • rotation), as presented in Fig. 7 . The distortions observed in the right side are more evident.
Although the trends are similar, as fundamental difference, the peaks become narrower and the asymmetry in the magnetic induction profile is higher.
That behavior can be observed in the set of scan profiles in Fig. 8 where the B z (x) profiles for I = 100 A are presented as a function of the torsional angle. Without torsion, the magnetic profile is practically symmetric. After twist the wire, this symmetry is lost.
Almost the same result can be observed for a transport current of I = 200 A, as presented in Fig. 9 . The main difference now is that the magnetic field is more asymmetric, since the magnitude of the peak in the left size is higher than the absolute value on the right size. Fig. 10 present the result for a transport current of I = 400 A. This value is equal to 0.97 I c of the sample. A B z (x) profile distortion around x = 2.5 mm is noted when the sample is twisted for pitch higher than 0.214
• /mm. This distortion in the field can't be attributed to the buckling effect, since it starts to be observed for pitches in the range of 0.6
• /mm. Finally, Fig. 11 presents the magnetic field profile in the wire after the transport current was reduced to zero. By the B z (x) profile, it should be verified that two persistent currents loops with opposite directions that are circulating into the sample also have asymmetries. The distortion observed for the B z (x) profile is not observed for those results.
VI. CONCLUSION
This work studied pure torsional effects in a 12 mm HTS 2G commercial wire. A Hall probe mapping system has been adapted for application to direct measurements over twisted wires. The system is able to explore the transport current distribution on the wire.
In the experiments, no axial load was imposed to the wire, thus allowing buckling in the sample for pitches higher than 0.6
• /mm. We observed that the 2G wire did not degrade with the twisting even when it was submitted to torsional angles where the buckling effects were present.
In-homogeneities observed previously to the twisting process are also detected in the twisted situation at the same level of current, showing so that these defects do enhance by the mechanic stress induced during twisting.
No significant variation of I c and n exponent, obtained from V (I) measurements, was observed for a maximum pitch of 1.286
• /mm. The next steps of this work will be: to repeat the experiment with 2G wires made from different manufactures in order to verify if they have the same behavior and to measure the magnetic field in 2G wires under simultaneous torsion and axial tension. Those measurements can help for the future modeling of the twisted stacked wire.
